Multiple sclerosis (MS), the most common neurological disorder in young white adults, is characterized pathologically by areas of inflammation, demyelination, axonal loss, and gliosis scattered throughout the brain and spinal cord [Confavreux et al. 2000 ]. MS has been classically considered a white matter disease, but recent pathology and imaging studies have reinforced the notion that the grey matter is also affected by these pathological changes [Kutzelnigg et al. 2005] .
new lesion formation on brain MRI, despite their progressive disability [Miller and Leary, 2007] .
As long as the etiology of MS remains unknown, causal therapy and effective prevention are not possible. Immunomodulatory drugs such as β interferon, glatiramer acetate, mitoxantrone, natalizumab, and fingolimod can alter the course of the disease, particularly in the RR form, by reducing the number of relapses and accumulation of lesions as seen on MRI, and by influencing the impact of the disease on disability [Graves et al. 2012] . Patients with the SP form of MS may also benefit from immunomodulatory or immunosuppressive therapy, if presenting relapses [Kappos et al. 2004] .
Disease activity in MS is strongly linked to the formation of new lesions, which involves a complex sequence of inflammatory, degenerative and reparative processes. Serial analysis of new lesion formation by means of conventional and advanced magnetic resonance (MR) techniques provides relevant data related to inflammatory activity and repair mechanisms, changes occurring in the evolution of individual lesions, and the relationship between damaging and reparative mechanisms, starting from the early stages of lesion formation. All this information could be highly useful in the assessment of the specific effects of new treatments (neuroprotective or regenerative).
Conventional magnetic resonance imaging
Longitudinal and cross-sectional MRI studies have shown that the formation of new MS plaques is nearly always associated with a focal area of contrast enhancement on T1-weighted images obtained after gadolinium injection, at least in patients with RR or SP MS [Lassmann, 2008] . This enhancement correlates with altered bloodbrain barrier permeability in the setting of acute perivascular inflammation and enables differentiation between acute, active lesions and chronic, inactive ones ( Figure 1 ). The gadolinium enhancement varies in size and shape, and usually lasts from a few days to weeks, with an average duration of 3 weeks (97% of lesions enhance during less than 2 months) [Cotton et al. 2003] , although this period is shortened by steroid treatment. According to their pattern of contrast uptake on static MRI, lesions have been classified as nodular or ring like (closed and open), although there are no clear histological differences between these two types [Davis et al. 2010; Gaitán et al. 2011] .
In fact, these distinct enhancement patterns seem to be simply a consequence of the lesion size and timing of scanning after gadolinium administration, reflecting the capability of gadolinium to fill the lesion, but not the surrounding normal tissue ( Figure 2 ). New contrast-enhanced lesions are almost invariably associated with a hyperintense lesion in the same location on T2-weighted images. Nonetheless, they can also be detected before abnormalities appear on T2-weighted scans, and can reappear in chronic lesions, with or without a concomitant increase in size [Filippi, 2000] (Figure 3 ). These new T2 hyperintense lesions usually shrink in size over time (3-5 months) and their intensity decreases as edema resolves and some tissue repair occurs (extensive or partial remyelination), leaving a much smaller T2 permanent 'footprint' of the prior inflammatory event [Meier and Guttmann, 2003; Meier et al. 2007a Meier et al. , 2007b ].
On unenhanced T1-weighted images, the newly formed lesions with contrast uptake show different signal patterns: 20% of the lesions appear isointense, while 80% appear hypointense in comparison with the normal appearing white matter (wet black holes). Once contrast enhancement ends, more than 40% of these wet or acute black holes become isointense. This change mainly reflects a progressive repair process (remyelination), although resorption of edema may also play T2-FLAIR image shows multiple focal demyelinating lesions that are hyperintense relative to the normal appearing brain tissue. After contrast administration, some of the lesions are hyperintense on T1-weighted images, indicating increased permeability of the blood-brain barrier, a feature that distinguishes acute from chronic demyelinating lesions. FLAIR, fluid attenuation inversion recovery.
Figure 2.
Evolution of contrast uptake in a newly formed lesion. Serial contrast-enhanced T1-weighted images obtained 5, 10, 15, and 20 min after gadolinium injection. A nodular-enhanced lesion located in the splenium of the corpus callosum (upper row) increases in size over time (centrifugal pattern), while an initial ringenhanced lesion (lower row) becomes nodular (centripetal pattern). a part, at least during the early phases of lesion evolution. Finally, less than 40% of these lesions evolve into persistent or chronic black holes over a 6-month period, which correlate pathologically with permanent demyelination and severe axonal loss (Figures 4 and 5) [Sahraian et al. 2010] .
Serial changes in lesion intensity and size on contrast-enhanced T1-weighted imaging and unenhanced T1-and T2-weighted sequences are two related, but temporally disconnected processes. After cessation of gadolinium uptake, significant transient T1/T2 changes persist over a 3-to 6-month period. Based on these changes, MS lesion formation and activity can be divided into two phases: an acute phase characterized by contrast uptake and reflecting blood-brain barrier disruption, and a subacute phase characterized by changes in lesion signal intensity and size on unenhanced T1-and T2-weighted images. This subacute phase can be further divided into early and late periods. In the early period, which is observed within the first weeks after cessation of contrast uptake, T2 lesion shrinkage is commonly interpreted as a result of resorption of inflammatory edema (80% of the initial T2 burden resolves within the initial 10-week period). However, in the late period, the extended size decrease on T2-weighted images that occurs over 3-5 months likely reflects noninflammatory processes such as degeneration and repair (gliosis and remyelination). The characteristics of the subacute phase of lesion formation reflect the balance between injury and repair capacity, and changes in this pattern may represent a shift from inflammatory disease activity toward degenerative activity and closer proximity to a progressive stage of the disease [Meier and Guttmann, 2003; Meier et al. 2007a Meier et al. , 2007b (Figure 6 ). This pronounced variability in the appearance of lesions over the first months after their development should be taken into account in cross-sectional and longitudinal studies, which commonly use global T2 lesion volume as a surrogate for disease activity and progression. This net change in overall T2 lesion burden cannot separate the percentage of stable burden from the potentially transient new lesion burden.
Nonconventional magnetic resonance techniques
Because of the high sensitivity of conventional MRI (cMRI)-derived metrics for detecting MS plaques, these techniques are now the most important paraclinical tool for diagnosing MS, for understanding the natural history of the disease, and for monitoring the efficacy of experimental treatments with a predominantly anti-inflammatory effect. However, the correlation between the extension of lesions observed on cMRI and the clinical manifestations of the disease is weak and underlines the fact that cMRI techniques do not suffice to explain the entire spectrum of the disease process. This clinical-radiological mismatch or paradox may be partially explained by several limitations of cMRI: limited specificity for the various pathological substrates of MS; inability to quantify the extent of damage in normal appearing white matter; inability to detect and quantify the extent of gray matter damage; variability in Figure 6 . Serial magnetic resonance imaging changes occurring in an acute multiple sclerosis plaque located in the right centrum ovale. Contrast-enhanced T1-weighted images (upper row), T2-FLAIR images (middle row), and magnetization transfer (MTR) maps (lower row) obtained at baseline and at 7 days, 1 month, and 1 year later. The acute enhanced plaque shows the typical waxing and waning characteristics on T2-weighted images. The initial T2 lesion shrinkage observed after cessation of contrast uptake can be interpreted as a consequence of resorption of inflammatory edema, but the subsequent extended size decrease likely reflects a repair process. The serial MTR maps show two different components within the lesion, one with partial MTR recovery, likely reflecting remyelination, and the other with a progressive MTR decrease, likely reflecting ongoing demyelination (on the right, a plot of the serial MTR values obtained at the two locations).
FLAIR, fluid attenuation inversion recovery.
the clinical expression of MS plaques in different anatomical locations (e.g. spinal cord and optic nerve); and inability to assess the effectiveness of reparative mechanisms in MS [Barkhof, 2002] .
In recent years, considerable effort has been made to overcome these limitations with nonconventional MR-derived metrics that can selectively measure the more destructive aspects of MS pathology and monitor the reparative mechanisms [Giacomini and Arnold, 2008; Barkhof et al. 2009 ]. These nonconventional metrics, which include magnetization transfer (MT) MRI, diffusion-weighted imaging, and proton MR spectroscopy ( 1 H-MRS), among others, have been used to assess the microstructural and metabolic changes that occur in newly formed lesions, and have led to a better understanding of the processes that occur in lesion development.
Proton magnetic resonance spectroscopy 1 H-MRS allows noninvasive characterization of metabolic abnormalities in the central nervous system. 1 H-MRS provides important insights into the chemical-pathological changes that take place in patients with MS, not only within focal lesions visible on conventional MRI, but also within the normal appearing brain tissue, thereby increasing our knowledge about the pathological processes occurring in this disease. This method is particularly valuable for assessing the neurodegenerative component of MS, which is known to start in the early phases, through quantitative assessment of the amino acid N-acetylaspartate (NAA), considered a marker of neuronal/axonal function and density. Other metabolites, such as choline (Cho), myo-inositol (mIns), creatine (Cr), glutamate (Glu), lipids, and lactate (Lac) which play a significant role in the pathophysiology of the inflammatory component and repair mechanisms of MS, can also be detected with 1 H-MRS.
The aim of the first 1 H-MRS studies was to characterize MS lesions in their different stages of evolution. Acute gadolinium-enhanced MS lesions typically show increases in Cho and Lac resonances during the first 6-10 weeks following their appearance on cMRI. Increased Cho concentration can be interpreted as a measure of membrane phospholipids released during active myelin breakdown and of increased cell density due to the presence of inflammatory cells. Lac increases mainly reflect the metabolism of inflammatory cells or neuronal mitochondrial dysfunction. The NAA pattern in the acute phase of lesion development is highly variable, ranging from almost no change with respect to normal brain tissue to significant decreases. Since NAA is detected almost exclusively in neurons in the healthy adult brain, decreases in this metabolite are interpreted as a measure of neuronal/axonal dysfunction or loss [Arnold et al. 2000; Sajja et al. 2009 ]. This initial NAA decrease may persist over time, indicating irreversible neuroaxonal injury, or show partial recovery starting a few weeks after the onset of lesion development and continuing for several months [Davie et al. 1994; . Few 1 H-MRS studies have focused on the changes that take place in other metabolites, and the results are sometimes contradictory. Of particular relevance in MS plaques is the behavior of Cr, a metabolite present in both neurons and glial cells, with higher concentrations in glia than in neurons [Urenjak et al. 1993] . Cr, which commonly remains stable, can show significant increases [Srinivasan et al. 2005] or decreases Zaaraoui et al. 2010 ]. These changes may be related to varying amounts of neuroaxonal and oligodendroglial loss, and astrocytic proliferation. Short echo time spectra provide evidence of transient increases in visible lipids in some lesions, probably released during myelin breakdown [Narayana et al. 1998 ]. These lipid peaks have been identified in prelesional areas [areas of normal appearing white matter (NAWM) that subsequently developed an MRI-visible plaque]. A localized increase in Cho has also been described in areas of NAWM months before subsequent development of an MRI-visible plaque [Narayan et al. 1998; Tartaglia et al. 2002] , which is consistent with focal prelesional myelin membrane disease. These observations suggest that demyelination can occur months before acute inflammatory changes become evident. Other nonconventional MR techniques, such as MT imaging, diffusion-weighted imaging, and dynamic susceptibility-weighted sequences have also shown abnormalities in this prelesional stage, further supporting the presence of subtle progressive alterations in tissue integrity prior to focal leakage of the blood-brain barrier as part of plaque formation in MS [Silver et al. 1998; Filippi et al. 1998; Rocca et al. 2000; Werring et al. 2000; Wuerfel et al. 2004] .
Increases have been reported in mIns, a proposed glial marker likely related to microglial proliferation [Hattingen et al. 2011] , and in Glu [Srinavasan et al. 2005] , which is consistent with active inflammatory infiltrates (large quantities of glutamate are produced and released by activated leucocytes, macrophages and microglial cells) [Piani et al. 1991 ]. In addition, application of metabolite-nulling techniques that differentiate between macromolecular resonances and metabolites have shown elevated macromolecule resonances in the range of 0.9-1.3 ppm in acute lesions, whereas in chronic lesions, the values are similar to those of healthy controls. These macromolecules do not fit the spectral pattern of lipids, and may be interpreted as markers of myelin fragments [Mader et al. 2001 ].
Acute MS plaques usually progress to chronic irreversible plaques (with varying degrees of neuronal/axonal loss) as inflammatory activity abates, edema resolves, and reparative mechanisms such as remyelination become active. These pathologic changes, which can be partially assessed with cMRI techniques as described above, can also be demonstrated using 1 H-MRS, and are seen as changes in the spectral pattern [Arnold et al. 1992; Mader et al. 2000; Rovira et al. 2002 ]. Among the more generally recognized changes, there is a progressive return of Lac to normal levels within weeks, while Cho and lipids decrease for some months, but do not always return to normal values. A moderate increase in Cr may also be detected, likely resulting from gliosis and remyelination [Mader et al. 2000 ]. NAA may further decrease, indicating progressive neuronal/ axonal damage, or show partial recovery over several months without reaching normality. This recovery cannot be explained simply by resolution of edema and inflammation; other processes, such as increases in the diameter of previously shrunken axons secondary to remyelination, and reversible metabolic changes in neuronal mitochondria, also seem to have an important role [Arnold et al. 2000; Sajja et al. 2009] (Figure 7 and Table 1 ).
Despite the possibilities of 1 H-MRS in the assessment of metabolic changes occurring in lesion development, this technique remains a research tool with limited value as a biomarker of disease progression and treatment response in clinical practice and therapeutic trials. The technical demands of 1 H-MRS and its low reproducibility across centers have limited its use to single-center trials, and usually in small patient cohorts [Sarchielli et al. 1998; Schubert et al. 2002; Khan et al. 2008; Wolinsky et al. 2007; Sajja et al. 2008] .
Diffusion tensor magnetic resonance imaging
Diffusion tensor imaging (DTI) is sensitive to the random translational motion of water molecules in tissue. This movement (diffusion) can be quantified by applying magnetic field gradients in different directions, thus enabling calculation of various metrics that measure the interaction of water molecules with cell membranes, myelin sheaths, and macromolecules, and providing information on tissue integrity at a microscopic scale well beyond the typical MRI resolution. Tissue has physical structures that limit diffusion in different directions, so diffusion is typically described as a three-dimensional ellipsoid through a 3 × 3 matrix. In nerve tissue, the directional diffusivity derived from DTI measurements describes microscopic water movement parallel to (λ || , axial diffusivity) and perpendicular to (λ ⊥ , radial diffusivity) axonal tracts. Studies using experimental models of white matter injury have shown that decreased λ || is associated with acute axonal injury, and increased λ ⊥ is associated with myelin injury [Budde et al. 2007 ]. Diffusion ellipsoids in highly organized fiber tracts (e.g. pyramidal tracts and the corpus callosum) are very elongated. Fractional anisotropy (FA) is a common metric to describe the degree of diffusion directionality or elongation. A high FA within a single voxel indicates that diffusion occurs predominantly along a single axis, while a low FA signifies that diffusion occurs along all three cardinal axes. An overall measure of diffusion magnitude is described by the mean diffusivity (MD), which ignores anisotropy and simply describes the overall magnitude of diffusion [Pagani et al. 2007 ]. DTI has demonstrated an increased MD and decreased FA in areas of normal appearing brain tissue from patients with MS, indicating subtle, diffuse injury with increasing mobility of water molecules and disruption of tissue architecture.
DTI has also been used to characterize the pathological substrate of focal demyelinating plaques. Typically, these lesions show increased MD values and decreased FA compared with the contralateral normal-appearing white matter, which are especially high in acute contrast-enhanced lesions and in chronic T1-hypointense lesions [Rovaris et al. 2005 ]. These abnormalities persist to a variable extent in lesions that have the most severely altered tissue matrix [Castriota-Scanderbeg et al. 2003 ]. Fox and colleagues serially analyzed the FA of new enhanced MS lesions and observed that after an initial FA decrease, there is a subsequent increase that is most prominent during the first 2 months [Fox et al. 2011 ]. This increase was mainly driven by changes in radial diffusivity, a feature that may represent remyelination. These authors also found that a higher decrease in radial diffusivity within gadolinium-enhanced lesions at baseline, but not changes in this or other DTI metrics during 1 year of follow up, predicted conversion of these lesions to T1 black holes at 12 months. These findings support the notion that this type of evolution is predominantly influenced by the degree of initial injury and not by the amount of later recovery. All these findings support the use of DTI as a quantitative measure of the degree of brain tissue in MS.
Acute MS plaques may show a transient decrease in MD values soon after the onset of new symptoms, with subsequent pseudonormalization and signs of developing vasogenic edema (Figure 8) .
Although the pathological substrate of this transient, early MD reduction in a subgroup of newly forming MS plaques has not been demonstrated, it could reflect swelling of the myelin sheaths, a decrease in vascular supply leading to cytotoxic edema, or dense inflammatory cell infiltration [Rovira et al. 2002; Eisele et al. 2012 ].
Some studies have also shown that an MD increase in areas of normal appearing white matter may precede the appearance of a new lesion on cMRI [Rocca et al. 2000; Werring et al. 2000 ] by several weeks, suggesting that focal inflammatory Figure 7 ) in a 22-year-old woman who was admitted to the hospital for sudden dysarthria, numbness of the right hand, and ensuing right hemiparesis. The apparent diffusion coefficient (ADC) maps obtained serially after onset of symptoms show an initially low ADC, likely reflecting cytotoxic edema or dense inflammatory cell infiltration, followed by a progressive ADC increase paralleling the development of vasogenic edema.
blood-brain barrier leakage is not necessarily the initiating event in MS plaque formation.
Although diffusion MR measures appear sensitive to dynamic disease-related changes, and some studies have shown moderate to strong correlations between overall DTI measures and neurological disability and cognitive impairment [Rovaris et al. 2002] , the existing data do not suffice to support the use of DTI-derived metrics as a marker of tissue integrity for studies of neuroprotective therapies in MS.
Magnetization transfer imaging
MT is a quantitative MRI technique based on interactions and exchanges between mobile protons in a free water pool and those bound to macromolecules. By using MR sequences with and without an offresonance saturation pulse, MT allows calculation of an index, the magnetization transfer ratio (MTR). Decreases in the MTR indicate that protons bound to the brain tissue matrix have a diminished capacity to exchange magnetization with the surrounding free water. Thus, this index provides an estimate of the extent of tissue structure disruption and affords a potential window into the macromolecular environment that is not directly visible using cMRI techniques [Horsfield et al. 2003 ].
In MS, MTR can be used to quantify the integrity of myelinated white matter in large areas of the brain [Filippi and Agosta, 2007] . Changes in the MTR of cerebral white matter are highly weighted by changes in myelin content because of the overwhelming contribution of myelin to the macromolecules involved in the magnetization transfer phenomenon [Schmierer et al. 2004 ].
Decreased MTRs have been reported in acute gadolinium-enhanced lesions and chronic MS lesions, with the most prominent changes found in T1-hypointense lesions [Filippi and Agosta, 2007] . The MTR decrease in acute lesions, consistent with demyelination, can be followed by a variable recovery over the subsequent months that probably reflects remyelination ( Figure 6 ). Partial or complete recovery of MTR values is more likely to occur when the initial decrease is only modest, whereas a high initial MTR decline predicts whether the lesion will evolve into a T1-hypointense lesion (chronic black hole) [Dousset et al. 1992; Deloire-Grassin et al. 2000 ]; hence, the degree of MTR change has been proposed as a marker of overall lesion severity.
At least in some lesions dramatic changes in normal appearing white matter areas can be seen months before the formation of new T2 lesions [Filippi et al, 1998; Fazekas et al. 2002; Pike et al. 2000 ]. This observation further supports the notion that in a subgroup of MS lesions, primary myelin damage precedes the inflammatory mediated blood-brain barrier disruption.
Chen and colleagues recently developed a voxelwise analysis method to monitor longitudinal MTR changes in individual newly formed MS lesions [Chen et al. 2008 ]. This method could be of value to assess the neuroprotective (slowing degeneration of neural tissue) or reparative (restoring tissue integrity and function) effects of new treatments in MS. Some lesion regions were seen to exhibit significant increases in MTR, consistent with remyelination, that were ongoing for approximately 7 months after enhancement and then stabilized. The same study showed that decreases in MTR consistent with demyelination were ongoing for approximately 33 months after enhancement. These observations of continuing demyelination and remyelination for months and years after lesion formation indicate that the window of opportunity for a therapeutic intervention may be longer than is usually assumed.
Conclusion
cMRI is highly sensitive in detecting disease activity in MS, and is commonly used for monitoring and predicting treatment response in clinical trials and in clinical practice. Although changes in total T2 lesion burden or enhanced lesion number are generally used to evaluate treatment response, a specific therapeutic effect (neuroprotective, reparative) may be more readily apparent when changes in lesion dynamics are assessed using nonconventional MRI-based metrics. These measures can better show the relationship between damaging and reparative mechanisms that occur since the early stages of lesion formation. Among all the nonconventional MRI techniques able to track the longitudinal changes in newly formed lesions, MTR is likely the most practicable for this purpose. It has shown capability for detecting myelin concentration, and can be considered a predictive index of disease progression [Fazekas et al. 2002] and an outcome measure in clinical trials evaluating the potential neuroprotective or reparative effects of new treatments.
